Imazalil is a fungicide registered for postharvest application to citrus fruit to reduce both the incidence of decay and sporulation of Penicillium digitatum (Pers.:Fr.) Sacc., cause of citrus green mold. In Arizona and California, imazalil is usually added to fruit waxes and applied to fruit as a non-recovery spray over rotating brushes. This method is used because it is convenient and effective, although Brown and coworkers (2,4) showed that imazalil, unlike other fungicides used for this purpose, controlled green mold significantly better when applied in water than when applied in wax. Similarly, other researchers (8, 15, 16) reported superior control of green mold by the application of aqueous as compared with wax imazalil formulations. Imazalil loses effectiveness in wax because a substantial portion of the residue remains immobilized in the wax, and because waxes are more viscous than water, they less effectively penetrate the small wound infection courts that are exploited by P. digitatum on the rind of citrus fruit (2).
One reason the application of imazalil in wax has continued, in addition to its convenience, is its reliable control of P. digitatum sporulation. Anti-sporulant activity is important because it controls a condition termed soilage, a cosmetic defect that occurs when healthy fruit within cartons are soiled by spores from adjacent decayed fruit (7). Reducing sporulation also reduces the airborne inoculum within citrus packinghouses. This is particularly important because the inoculum within packinghouses is often composed of fungicideresistant isolates (8) . Brown and Dezman (3) reported that control of sporulation on Valencia oranges with aqueous, nonrecovery sprays of imazalil or imazalil in wax both required a residue of about 2 µg·g -1 fresh fruit weight. However, with a non-recovery aqueous spray, coverage sufficient for sporulation control required better contact between brushes and fruit than was achieved in many commercial packinghouses. Therefore, in commercial packinghouses in Florida where imazalil is applied in aqueous sprays, this is followed by a second application of 1,000 to 2,000 µg·g -1 imazalil in wax. Fruit treated in this manner have residues of about 4 µg·g -1 , which is within the tolerance of 10 µg·g -1 in the United States and the 5 µg·g -1 tolerance of most importing countries (6).
An alternative to optimize the efficacy of imazalil would be to apply the fungicide by immersing fruit in heated aqueous solutions of the fungicide. Rapid treatment, an important attribute when very large numbers of fruit are processed, would be facilitated because imazalil residues accumulate on oranges about three times faster when the fruit are dipped in the fungicide rather than sprayed with it (3). Heating fungicide solutions also accelerates the accumulation of fungicide residues in fruit (19) . Sufficient residues from a heated aqueous imazalil solution could control sporulation of P. digitatum and make a second application of imazalil in wax, such as is needed after aqueous sprays, unnecessary. Efficacy is also improved by heating. The control of postharvest decay by imazalil on mangos (22) , grapefruit (14) , and lemons (18, 19) was enhanced when the fungicide was heated. Furthermore, a synergistic interaction between heat and imazalil treatment might provide better control of imazalil-resistant isolates than imazalil applied alone.
The purpose of this work was to determine with commercial-scale packing equipment the influence of immersion time, imazalil concentration, and temperature on concentration of imazalil residues in citrus fruit; to compare the efficacy of optimal regimes of imazalil applied in
The effectiveness of imazalil for the control of citrus green mold (caused by Penicillium digitatum) improved significantly when fruit were treated with heated aqueous solutions of the fungicide as compared with the current commercial practice of spraying wax containing imazalil on fruit. When applied at less than 500 µg·ml -1 in solutions heated to 37.8°C, control of postharvest green mold of citrus was significantly superior to applications of 4,200 µg·ml -1 imazalil in wax sprayed on fruit at ambient temperatures. The improvement in imazalil efficacy was obtained with a decrease in fungicide residues on the fruit. Residues of about 3.5 µg·g -1 imazalil deposited by the application of imazalil in wax reduced the incidence of green mold on lemons from 94.4% among untreated controls to 15.1%, whereas an equal residue deposited by passing fruit through heated aqueous imazalil reduced green mold incidence to 1.3%. Similar differences were found in tests with oranges. Residues of 2 and 3.5 µg·g -1 imazalil were needed to control the sporulation of P. digitatum on oranges and lemons, respectively. The mode of application of imazalil did not influence control of sporulation. The influence of immersion time, imazalil concentration, and solution temperature on imazalil residues on oranges and lemons was determined in tests using commercial packing equipment, and a model that describes residue deposition was developed. Residues after a 30-or 60-s treatment in heated aqueous imazalil were sufficient to control sporulation, but residues after 15-s treatments were too low and required an additional application of 1,070 µg·ml -1 imazalil in wax to deposit an amount of imazalil sufficient to control sporulation. An imazalil-resistant isolate of P. digitatum was significantly controlled by heated aqueous imazalil. The incidence of green mold of navel oranges was reduced from 98.8 to 17.4% by treatment in 410 µg·ml -1 imazalil at 40.6°C for 90 s. However, control of the resistant isolate required imazalil residues on the fruit of 7.9 µg·g -1 , which is within the U.S. tolerance of 10 µg·g -1 but above the 5 µg·g -1 tolerance of some countries that import citrus fruit from the United States. heated solutions to the conventional industry practice of spraying imazalil in wax on fruit for the control of green mold; and to determine if an imazalil-resistant isolate of P. digitatum could be adequately controlled by applying heated imazalil solutions.
MATERIALS AND METHODS
Fruit and packing line configuration. Each replicate was placed on the packing line just before a high-pressure washer. The residence time in the high-pressure washer, operating at 1,500 Newtons pressure, was 12 s. The water in the pressure washer contained 10 to 50 µg·ml -1 sodium hypochlorite at pH 7.2. After the highpressure washer, the fruit passed for 15 to 20 s over rotating brushes through a dryer operating at 32.2°C to a moving belt sorting table, where decayed or damaged fruit were removed, and passed into a 2,400-L capacity tank containing water or imazalil. The concentration of imazalil in the tank was determined periodically. The pH of water and imazalil solutions was 7.2. The residence time of the fruit in the tank was 15, 30, 60, or 90 s. After treatment in the tank, the fruit were dried for 15-20 s through a dryer operating at 32.2°C (first stage of drying), wax was applied, and the fruit were dried again for 15-20 s through a dryer operating at 32.2°C (second stage of drying). Two waxes were used-a high solids content, shellac-based organic finishing wax was applied in all tests with fruit that were dried in the first and second dryers and a water-emulsion lemon storage wax with a 2% solids content was applied on lemons that were dried in the first stage dryer and air-dried after wax treatment.
Green mold control. An imazalilsensitive isolate M6R of P. digitatum (a gift of J. W. Eckert, University of California-Riverside) and an imazalil-resistant isolate (151, a gift G. R Holmes, University of California-Riverside) were used in tests where fruit were inoculated. To determine the minimum imazalil concentration that was inhibitory to these isolates, 2-mm-diameter mycelial plugs from 1-weekold potato dextrose agar (PDA) cultures of each isolate were transferred to imazalilamended PDA followed by 3 days incubation at 25°C. To inoculate the fruit, a steel rod with a 2-mm-long by 1-mm-wide tip was dipped into a water suspension of 10 6 spores·ml -1 , then the tip of the rod was used to puncture the fruit. Inoculated fruit were stored at 10°C in cartons lined with perforated plastic liners and the incidence of green mold was recorded after 3 weeks.
Sporulation tests. To determine the influence of treatments on sporulation, the method of Eckert and Brown (7) was used. Fruit were inoculated by the injection of 0.10 ml volume of water containing of 10 6 spores·ml -1 of imazalil-sensitive isolate M6R about 1 cm below the rind surface, then the abundance of sporulation was recorded after incubation for 21 days at 20°C. A sporulation index that described the percentage of the fruit surface covered with green mold spores was used where 5 = 100%; 4 = 90-99%; 3 = 50-89%; 2 = 11-49; 1 = 1-10%; 0 = 0%. Each value represented the mean of sporulation ratings for 12 to15 fruit per treatment.
Imazalil analyses. Imazalil residues on fruit are expressed as µg·g -1 fresh weight. Because the surface to mass ratio will change with fruit size, and presumably influence the quantity of residue per gram of fruit weight, the orange and lemons selected for analysis were of uniform size and represented common commercial size classes. The oranges were 7 cm in diameter. The lemons were 7.5 cm in length and 5.5 cm wide. Imazalil residues in fruit were determined from two replicates of eight fruit each. Each fruit was sliced into eight portions, and one portion from each of the eight fruit was combined before analysis to comprise one replicate. To the combined fruit portions, a water volume one-half the weight of the fruit sample was added, blended at high speed in a blender, and an aliquot extracted with 10% (w/v) sodium hydroxide saturated with sodium chloride, followed by the addition of ethyl acetate. The suspension was briefly macerated in a homogenizer, mixed by rotation for 30 min, centrifuged, an aliquot of the supernatant (ethyl acetate layer) was then removed. After 0.05 N H 2 SO 4 was added to this aliquot, it was shaken vigorously for 2 min, the ethyl acetate layer was discarded, and the aqueous layer was adjusted to pH 9 to 10 with sodium hydroxide and trisodium phosphate buffer. An aliquot of ethyl acetate was added and shaken vigorously. The ethyl acetate layer was removed, dried with anhydrous sodium sulfate, and analyzed by gas chromatography with an electron capture detector. Recovery of imazalil from fruit portions spiked with 1 to 5 µg·g -1 imazalil was about 95%. The imazalil content of water or wax solutions was determined by analysis. Water or wax solutions of imazalil were extracted with ethyl acetate, dried with sodium sulfate, and analyzed by gas chromatography.
Influence of fungicide concentration, temperature, and immersion period on imazalil residues. To determine the influence of imazalil (Fungaflor 500EC, 44.6% a.i.; Janssen Pharmaceutica, Titusville, NJ) concentration, tank temperature, and immersion time on imazalil residues on Valencia oranges, the fruit were pressure washed with water and immersed in 0, 153, 244, or 335 µg·ml -1 imazalil at 32.2, 37.8, or 43.3°C for 15, 30, or 60 s. After treatment, the oranges were dried in the first stage of the packing line dryer as previously described; waxed with a high solids content, shellac-based organic finishing wax on the packing line; and dried in the second stage of packing line dryer as previously described. To determine the influence of imazalil concentration, tank temperature, and immersion time on residues on lemons, the fruit were pressure washed with water and immersed in 0, 93, 160, or 405 µg·ml -1 imazalil heated to 32.2, 37.8, or 43.3°C for 15, 30, or 60 s. After treatment, the lemons were dried in the first stage of the packing line dryer as previously described, waxed with a water-emulsion lemon storage wax, and dried in air on wire screens. Fruit were stored at 10°C and the imazalil content of the fruit analyzed within 7 days as previously described.
Comparison of imazalil efficacy when applied in wax or in water heated to 37.8°C. To compare the influence of imazalil (Fungaflor 500EC) applied in wax or in water heated to 37.8°C on control of the incidence and sporulation of P. digitatum using imazalil, and dried in the second stage of the packing line dryer as previously described. Fruit were stored at 10°C and the imazalil content of the fruit analyzed within 7 days as previously described. Green mold incidence and sporulation of P. digitatum was determined as previously described.
Preliminary tests showed fruit immersed in heated aqueous solutions of imazalil for 15 s or less often had imazalil residues too low to control sporulation of P. digitatum, therefore, the heated imazalil treatments were followed by a spray of imazalil in wax to increase imazalil residues. Lemons were treated by immersing in 0, 93, 160, or 405 µg·ml -1 imazalil heated to 32.2, 37.8, or 43.3°C for 15 s, dried in the first stage packing line dryer as previously described, waxed with water-emulsion lemon storage wax alone or storage wax containing 1,070 or 1,910 µg·ml -1 imazalil, and dried in air on wire screens. Fruit were stored at 10°C and the imazalil content of the fruit analyzed within 7 days as previously described.
Control of imazalil-sensitive or imazalil-resistant P. digitatum isolates. Navel oranges were inoculated using two P. digitatum isolates, imazalil-sensitive isolate M6R or imazalil-resistant isolate 151, incubated 24 h at 20°C, and immersed in 247 or 410 µg·ml -1 imazalil (Magnate Sulfate 750 WP, 75% a.i.; Makhteshim Agan, Republic of South Africa) heated to 21.1 or 40.6°C for 90 s; dried in the first stage of the packing line dryer as previously described, waxed with a high solids content, shellac-based organic finishing wax; and dried in the last stage of the packing line dryer as previously described. Fruit were stored at 10°C and the imazalil content of the fruit analyzed within 7 days as previously described. Green mold incidence and sporulation of P. digitatum were determined as previously described.
Statistical analyses. Imazalil residues, the incidence of green mold, and sporulation of P. digitatum were analyzed by twoor three-way analysis of variance. An arcsin transformation of the square root of the proportion of decayed fruit was applied before analysis of the incidence of green mold. Duncan's new multiple range test (P = 0.05) to separate means or orthogonal contrasts were applied to compare treatments. A second order response surface model was fitted using SAS PROC GLM (SAS/STAT, Vers. 6, 4th Ed., Cary, NC) to predict the residues and 95% confidence intervals (CI). Regression expressions describing the relationship between sporulation indices and imazalil residues were fitted using Cricket Graph III (1).
RESULTS
Influence of fungicide concentration, temperature, and immersion period on imazalil residues. Increasing the temperature, immersion time, or imazalil concentration increased imazalil residues on Valencia oranges (Table 1) and Eureka lemons (Table 2) . Doubling the imazalil concentration, doubling the immersion time, or increasing the solution temperature by 5.6°C increased imazalil residues approximately one and one-half to two times on the fruit. Separate second order models describing imazalil residues for oranges and lemons were prepared that can be used to predict residues. Residues predicted by both models were similar to those measured (Tables 1 and 2) . Comparison of imazalil efficacy when applied in wax or in water heated to 37.8°C. The control of green mold on oranges and lemons was significantly superior (P < 0.0001, orthogonal contrast) by imazalil applied in heated water to that in wax (Fig. 1) , although the imazalil residues deposited on the fruit significantly exceeded (P < 0.0001, orthogonal contrast) those of imazalil applied in heated water (Fig. 2) . Residues of about 3.5 µg·g -1 imazalil deposited by the application of imazalil in wax reduced the incidence of green mold on lemons from 94.4% among untreated controls to about 11.0%, whereas an equal residue deposited by passing fruit through heated aqueous imazalil reduced green mold incidence to less than 1.0% (Fig.  2) . Similar differences occurred with oranges. Treatment with water at 37.8°C reduced green mold incidence of oranges and lemons by about 30 and 55%, respectively. Residues of 2 and 3.5 µg·g -1 imazalil were needed to control sporulation on oranges and lemons, respectively (Fig. 3) . Because control of sporulation by imazalil applied in water or wax sporulation was not significantly different, all rating of control of sporulation were pooled.
Augmentation of imazalil residues by a second application of imazalil in wax, in order to obtain residue levels sufficient to control P. digitatum sporulation, were most effectively achieved by a concentration of 1,070 µg·ml -1 imazalil in the wax (Table  3) . When the second application of wax with 1,910 µg·ml -1 imazalil was applied, residues were higher than needed to control sporulation and above the 5 µg·g -1 imazalil residue tolerance for citrus fruit of many importing countries.
Control of imazalil-sensitive or imazalil-resistant P. digitatum isolates.
Growth of mycelial plugs of isolates M6R and 151 was stopped in PDA with imazalil concentrations of 0.1 µg·ml -1 and more than 2 µg·ml -1 , respectively. Heating the imazalil solution increased residues in navel oranges and improved control of both P. digitatum isolates (Fig. 4) imazalil from 21.1 to 40.6°C also increased imazalil residues on oranges three-to fourfold. Sporulation of the sensitive isolate was controlled by all imazalil treatments, while sporulation of the imazalil-resistant isolate was not controlled (data not shown). Treatment with water alone at 40.6°C had no significant influence on the incidence of green mold in this test.
DISCUSSION
The higher effectiveness of imazalil shown in this study was due to three factors: i) application of the imazalil in water instead of wax; ii) heating of the aqueous imazalil solution; and iii) immersing the fruit in a tank of the solution instead of spraying the fungicide on fruit to make the treatment brief enough to be practical. In our tests, fruit immersed briefly in heated aqueous imazalil, leaving residues of 1 to 3 µg·g -1 , had about 95% less green mold than control fruit, while similar residues deposited by spraying fruit with imazalil in wax reduced green mold incidence only about 60%. Several aspects of this work were established in prior studies. Eckert et al. (8) showed imazalil reduced green mold more effectively when applied in water instead of wax. Imazalil applied at 2000 µg·ml -1 in wax or in water reduced the incidence of green mold by 48 and 98%, respectively. Brown and Dezman (3) reported that application of aqueous solutions of imazalil by immersion in a tank deposited imazalil residues approximately three times faster than spraying the same solution on citrus fruit. Heating imazalil improved its effectiveness on mangos (22) , grapefruit (14) , and lemons (18, 19) . Temperatures we used are too low to reliably control green mold by heat (20), although partial control of green mold by heated water alone did occasionally occur in our work.
Imazalil residues required to control green mold sporulation we report are slightly higher those reported by others. Most researchers reported residues of about 1 to 2 µg·g -1 were needed to control sporulation on oranges and lemons (3,13), whereas we found 2 and 3.5 µg·g -1 were needed, probably because of differences in incubation temperatures of the fruit or the subjectivity of sporulation indices. Brown and Dezman (3) reported that control of sporulation of the green mold fungus on Valencia oranges with aqueous, nonrecovery sprays of imazalil required a residue of about 2 µg·g -1 , the same level required when imazalil is applied in wax (13). They (3) showed control of sporulation on Valencia oranges with aqueous imazalil depended on the deposition of imazalil in natural epicuticular wax, when the wax was removed, residues of 2 µg·g -1 did not control sporulation. Brown and Dezman (3) stated sufficient coverage to get control of sporulation required better contact between brushes and fruit than was achieved in many commercial packinghouses when a non-recovery aqueous imazalil spray was used; as a consequence, commercial packinghouses in Florida where imazalil is applied in aqueous sprays follow this application with imazalil in wax at 1,000 to 2,000 µg·g -1 to ensure adequate control of sporulation. Our results indicate that if imazalil is applied in heated solutions for 30 s or longer, adequate residue deposition can occur to make a second application of imazalil in wax for sporulation control unnecessary. However, treatments using heated imazalil for 15 s required an additional application of 1,070 µg·ml -1 imazalil in wax to leave residues sufficient to control sporulation.
Partial control of an imazalil-resistant P. digitatum isolate was achieved with aqueous imazalil, but relatively high residue levels were associated with its control. We reduced the incidence of green mold on oranges after inoculation with a resistant isolate by 78% by treatment for 1 min in 410 µg·ml -1 imazalil at 40.6°C. However, imazalil residues in the fruit where the resistant strain was partially controlled were 7.9 µg·g -1 ; much higher than the 1 to 2 µg·g -1 required to control an imazalilsensitive isolate. Higher rates must be used with care because established tolerances can be exceeded. The U.S. imazalil tolerance is 10 µg·g -1 and that of many citrusimporting countries is 5 µg·g -1 (6). Although the incidence of imazalil-resistant isolates of P. digitatum in California is high (8, 10) , imazalil remains a useful fungicide to manage green mold. In addition to partial control of resistant isolates with higher rates of imazalil that we and others (8) reported, other aspects of imazalilresistant isolates suggest they can be managed: i) resistant isolates are less fit than imazalil-sensitive isolates and decline in competition with sensitive strains in the absence of the fungicide (5,11,23); ii) imazalil-resistant isolates primarily occur in packinghouses and not in groves, therefore imazalil effectively controls the sensitive isolates from the groves; iii) because imazalil-resistant isolates primarily occur only in packinghouses, sanitation measures can be successfully applied; and iv) although the proportion of resistant isolates collected in 26 California packinghouses was high (77.2 and 74.2% in 1990 and 1994, respectively) and it did not increase in this period (10) .
No rind injury was observed in any of the our tests, and the risk of injury from heated aqueous imazalil treatments we evaluated is probably low. Rind injury from hot water alone usually does not occur below 50°C on lemons (12, 20) or oranges (21, 25) , unless the fruit are cool and turgid at the time of treatment (9) . A benefit of immersion in heated water or imazalil solutions is a reduction in the susceptibility of the fruit to subsequent chilling injury (14, 17, 24) . We did not evaluate temperatures as high as those employed in those studies, however, because good control was obtained without using higher temperatures and prior reports that the addition of imazalil to water lowers the temperature at which rind injury and internal quality changes occur in lemons (18, 19) . Shirra et al. (19) immersed lemons in water or 250 to 1,500 µg·ml -1 imazalil for 3 min at 50°C and stored them for 14 weeks at 9°C. Imazalil-treated lemons did not differ in titratable acidity or soluble solids from untreated or watertreated fruit, but imazalil concentrations of 500 µg·ml -1 or higher applied at 50°C caused rind injuries and increased ethanol and acetaldehyde contents. These injuries did not occur when imazalil was applied at 20°C. To reduce the risk of injury, regimes we evaluated employed cooler (43.3°C or less), briefer (60 s or less), and lower aqueous imazalil concentrations (less than 500 µg·ml -1 ) than those Schirra and coworkers (18, 19) showed to injure lemons.
Imazalil effectiveness on citrus can be substantially improved when the fruit are passed through heated aqueous solutions of the fungicide compared to the current commercial practice of spraying the fungicide at ambient temperatures in waxes. The improvement is probably due to more effective infiltration of the fungicide into the wound infection courts that are exploited by P. digitatum on the rind of citrus fruit (2). From our work, 30 s immersion of lemons or oranges in 350 to 400 µg·ml -1 imazalil heated to 37.8°C should deposit residues of 2 to 4 µg·g -1 . This regime enhanced imazalil efficacy, deposited sufficient residues to control sporulation, facilitated rapid treatment, partially controlled an imazalil-resistant isolate of P. digitatum, and posed minimal risk of injury to the fruit. The treatment could be shortened to 15 s if it is followed by the application of about 1,000 µg·ml -1 imazalil in wax, or if higher imazalil concentrations or temperatures were used in tanks, although the risk of injury to the fruit may be increased.
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